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Non-native diseases and insects can have a significant impact on forest health. Locating 
outbreaks and patterns of spread is important in order to mitigate spread (where possible) or 
plan for changes in forest-species composition. Beech Bark Disease (BBD) is a two-step 
disease involving a beech scale insect, Cryptococcus fagisuga, and a fungi of the genus 
Nectria.  BBD is actively affecting northeastern US forests, including those of northern 
Lower Michigan, the location of this study. Remote sensing technologies have potential 
advantages of being able to monitor for forest health events over broad landscapes and to 
track change over time. The goal of my study was to use publicly available imagery and 
open-source software to develop a remote sensing-based BBD mapping approach that can be 
efficiently replicated by other land managers at the landscape scale. My study landscape was 
the upland area of the ~4200-ha University of Michigan Biological Station (UMBS) in 
northern Lower Michigan.  I used the National Agriculture Imagery Program (NAIP) 
imagery plus field data and performed my analyses in the R software environment. My 
specific objectives were to: 1) develop field data characterizing BBD infestation over the 
study landscape;  2) collect training and testing data of BBD-affected tree crowns plus those 
of senescing aspen trees for use in the remote sensing classification, 3) evaluate remotely 
sensed characteristics of BBD-affected image pixels and assess their spectral separability 
from those of healthy beech trees and senescing aspen, 4) use information derived from the 
above objectives, along with multi-year NAIP imagery, to map BBD-affected tree crowns 
and track BBD outbreaks over several years. Results from the field data showed that BBD is 
widespread on the study landscape in all regions where beech has been a significant 





canopies had very high accuracy (94%) and the automated classifier had an accuracy of 82%. 
Spectral analyses showed that diseased beech canopies are mostly unique in their spectral 
signatures when compared to both healthy beech canopies and senescing aspen canopies with 
minor overlap.  Use of NAIP imagery facilitated replicating the classification process on 
recent historical imagery (every other year for 8 years) to observe the pattern and progression 
of the disease. Overall this study demonstrates that showed that BBD-infected American 





Beech Bark Disease (BBD) infestation is a two-step process involving a beech scale insect 
(Cryptococcus fagisuga L.), which leaves American beech trees (Fagus grandifolia Ehrh.), 
susceptible to a fungi of the genus Nectria, and usually resulting in the death of the tree 
(Houston, 1998).  BBD originated in North America in Nova Scotia in 1890 and this invasive 
disease spread through the Northeast of the United States during the last century (Ehrlich, 
1934). It has now spread throughout the entirety of the Northeastern States, as far south as 
North Carolina and Tennessee (Houston 1994), and into upper Great Lakes locations 
including Michigan (Cale, 2017; Morin et al, 2007). It is thought that BBD entered the 
forests that surround the University of Michigan Biological Station (UMBS), the location of 
my study, in the early 2000’s (Haggerty et al 2017).   
American beech is found in association with a number of primarily broadleaved 
temperate forest communities throughout the upper Great Lakes region in both the United 
States and Canada (USNVC 2020). In the widespread secondary forests of the upper Great 
Lakes, beech is a frequent associate of bigtooth and trembling aspen (Populus grandidentata 
Michx., P. tremuloides Michx.), sugar maple (Acer saccharum Marsh.), red maple (Acer 
rubrum L.), northern red oak (Quercus rubra L.), hemlock (Tsuga canadensis (L.) Carr.), and 
other primarily broadleaved species. Given the continued spread of BBD and its ability to 
affect large areas, this disease will likely have significant consequences for future forest 
composition and structure of Upper Great Lakes forests (Houston, 1994).  However, research 
on documenting and understanding the spatial and landscape-level effects of BBD in this 





Several previous studies, however, have provided some tools for hypothesizing the 
potential spread of BBD at coarse spatial scales. Wilson et al (2012) mapped various tree 
species throughout the eastern United States using a combination of coarse spatial resolution 
remote sensing imagery, plus forest inventory and other ancillary data. The MODIS 
(Moderate Resolution Imaging Spectroradiometer, 250 m spatial resolution) Enhanced 
Vegetation Index (EVI) spatial data was combined with species basal area measurements 
from USDA FIA (Forest Inventory and Analysis) inventory plots, climate data, topographic 
data (USGS), and EPA Ecoregion strata (Wilson et al 2012). Using these combined data, 
they were able to generate an interpolated map of basal area for 273 different trees species 
(including American beech) for the entire eastern half of the US. By using this basal area 
data for American beech (Wilson et al 2012), forest scientists and managers could potentially 
stratify landscapes and focus on where BBD might most likely affect the forests. 
For mapping the spread of BBD, and within Michigan specifically, Wiefrich et al 
(2011) surveyed 809 field sites across the state to determine the presence of American beech 
and whether beech scale was present on trees. This was done using a combination of the 
interpolated beech basal area map (produced by Wilson et al 2012, as per above), and an 
additional land-use layer, the IFMAP (Integrated Forest Monitoring Assessment and 
Prescription) land-cover classification (30 m spatial resolution), provided through the 
Michigan Department of Natural Resources (MDNR) that delineated areas of broadleaved 
forest cover of which beech may be a component. After all 809 field sites were visited and 
examined for beech and beech scale, a map representing where BBD was likely to be present 
in Michigan c. 2005 was generated. The process took four months to gather the data of the 





this comprehensive study  provided a detailed map of BBD occurrence between 2005 and 
2009 in Michigan, the process took years of complex fieldwork and analysis to fully 
complete.  
 In contrast to the above broad-scale studies, at the very detailed plot scale, some 
observations have been made on the canopy structure and leaf coloration of trees infected 
with the Nectria fungal infections. Results from McCollough et al (2005) showed that though 
the infection may initially affect the bark and inner bark, if the diseases progresses the fungal 
infections will extend into the sapwood of the infected tree through cankers. If enough areas 
of the trunk are infected, the infection will begin to girdle the tree. The leaves that then 
emerge in the spring from a tree in this condition never fully mature and this leads to the 
canopies appearing thin and the leaves that remain on the tree through the summer will 
become yellowish as the summer progresses (McCollough et al 2005). Since this difference 
in color is noticeable in the field, the difference should also be noticeable while viewing the 
same canopies on high spatial resolution aerial imagery. 
 
1.1 Goal and Objectives 
The above previous research has provided information on where American beech is present 
in eastern USA forests and a hybrid field-inventory method for determining the spread of the 
disease over coarse or large spatial scales within an upper Great Lakes state. In addition, 
plot-scale research has recorded some physiological effects of BBD on forest trees, tree 
crowns and leaves. However, this research does not combine these methods as a way to 
provide for an assessment of the disease and its movement through an easily repeatable 





scale. Because the effects of the disease may have long-term consequences for forest health 
and composition, and because beech-dominated forests are found on public and private lands 
alike, an efficient, cost-effective and rapidly updatable means to monitor the presence and 
spread of BBD is needed for responsive forest management at this more local management 
scale. This was the driving motivation of my study. 
I hypothesized that the prior work on potential beech locations (Wilson et al 2012), 
combined with relevant field methods (Wiefrich et al 2011), and understanding of BBD 
effects on the tree canopy  (McCollough et al 2005) might be combined with remote sensing-
based methods to address this need. Of particular interest would be the use of widely 
available high spatial resolution remote sensing and a rapid classification approach in order 
to speed up the process of assessing the spread of the disease and to limit the fieldwork 
required, saving time and money. This would allow land managers to quickly and efficiently 
assess the spread of disease throughout their areas of interest. In particular, I hypothesized 
that by quantifying the spectral difference of a diseased beech tree crown from a healthy one, 
a method can be developed to automatically classify BBD-diseased trees. The resulting 
method would allow for the proper allocation of resources and fast action to help mitigate the 
damage this disease would cause in the future.  
The appropriate remotely sensed dataset might be met through the abundance of free 
aerial imagery, flown on a repeated cycle, that is available across the United States through 
the National Agriculture Imagery Program (NAIP). This program of the United States 
Department of Agriculture (USDA) has created a large catalog of aerial imagery flown 
during the agricultural growing season. At 60 cm – 1 m, the spatial resolution of recent 





Recent NAIP imagery is also multi-spectral, with its four bands (blue, green, red and near-
infrared) known to be useful for characterizing vegetation spectral reflectance. 
One potential challenge for mapping and tracking BBD in northern Lower Michigan 
and many other areas of the upper Great Lakes, is that this disease will be co-occurring with 
other processes acting on forest species that are found in association with beech. A 
particularly widespread phenomenon is that of bigtooth and trembling aspen decline and 
senescence due to aging. Therefore, this also means that identifying diseased or dead beech 
tree crowns and mapping the effects of BBD could potentially be confounded by other 
species in which beech typically occurs in association.   
Therefore, my goal was to develop an accurate, easily implemented, and low-cost 
approach to mapping the presence of BBD on mixed forested landscapes, as well as to 
analyze the outputs from this method to better understand the spread of the disease across a 
representative upper Great Lakes landscape.  I carried out my study over the upland 
ecosystems of the 4200-ha landscape of the University of Michigan Biological Station 
(UMBS) in northern lower Michigan.  For my approach, I used the National Agriculture 
Imagery Program (NAIP) imagery, field data, and the R programming environment. My 
specific objectives were to: 1) develop field data characterizing BBD infestation over the 
study landscape;  2) collect training and testing data of BBD-affected tree crowns plus those 
of senescing aspen trees for developing and testing a remote sensing classification, 3) 
evaluate remotely sensed characteristics of BBD-affected image pixels and assess their 
spectral separability from those of healthy beech trees and senescing aspen, 4) use 
information derived from the above objectives with multi-year NAIP imagery to map BBD-





demonstrate that by using National Agriculture Imagery Program (NAIP) data and R 
programming software, a landscape-level analysis can be completed to assess and monitor 
the spread of this disease quickly and efficiently 
 
2. Study Site 
The study site is the uplands areas of the approximately 4200-ha property of the University 
of Michigan Biological Research Station (UMBS) in northern Lower Michigan (Figure 1). 
This property is located 45° 35’ N Latitude, 84° 42’ W Longitude, just east of the town of 
Pellston, Michigan. UMBS has large extents of forest cover types where American beech 
plays a significant role in the composition and structure of the forest.  Uplands of the UMBS 
include areas on mesic moraine landforms where the northern hardwoods-aspen cover type is 
found and where beech has historically been one of the dominant species.  Beech may also be 
associated with the northern red oak-aspen cover type. Other areas on more xeric outwash 
landforms are more conifer-dominated and have had a lesser presence of American beech.  
The geographic location of the UMBS directly in the estimated range of BBD disease, 
as established by Morin et al (2007). Beech bark disease entered the region of northwest 
Lower Michigan in the mid-2000s and has been spreading through the area since that time. 
At the UMBS, evidence of BBD has been observed and studied in several small plots as early 
as 2012 on the moraine ecosystems (Heinen 2012), and specifically in the Colonial Point 
tract (Haggerty et al, 2017). Also co-occurring at the UMBS (as elsewhere in the upper Great 
Lakes region) is aspen decline. What are now cover types dominated by over-mature aspen 
were mostly originally established in the early 20th century after the logging boom and 





successional aspen have been reaching the end of their lifespan and their canopies are 
undergoing decline and senescence at the same time that beech canopies are being affected 
by BBD.  Mature (and over-mature) aspen are still widespread in all upland cover types at 
UMBS including all of those where beech have become co-dominants or major components.   
 
 
Figure 1.  Shown are forest- and land-cover types of the UMBS (main map; Bergen and 
Dronova 2007) plus the location of the UMBS within the upper Great Lakes region (upper 
right inset). Also shown are locations of BBD infection level sample plots (black triangles) 
and BBD remote sensing classification training and testing sites (black circles, 160 canopies 








3. Data and Methods 
The data used for this project over the UMBS landscape included remote sensing data, two 
types of field data, and other ancillary spatial data. The remote sensing data were multi-year 
NAIP imagery (2018, 2016, 2014, 2012). The two field data types were: 1) BBD infection 
level sample plots measured to characterize and understand the level of infection of beech 
trees at UMBS, and 2) remote sensing classification training and testing locations within 
which individual crowns of beech and aspen were identified from the NAIP imagery and 
verified in the field.  Ancillary data included several existing maps of cover types, 
ecosystems, and beech basal area. 
 
3.1 Image Data & Preparation 
The NAIP image data is a part of a long-running program through the USDA that has created 
a catalog of high spatial resolution imagery for every U.S. state, currently flown at least once 
every 3 years. This imagery is always flown during the agricultural growing season in order 
to observe vegetation. Starting in 2010, NAIP imagery has been flown on a 2-year cycle for 
the state of Michigan. This imagery is 1 m or 60 cm spatial resolution (2010 to 2014 at 1 m, 
2016 and 2018 at 60 cm) and has four spectral bands (red, green, blue, near-infrared). The 
imagery acquired for this study had been rectified to digital orthoquad quarter tiles (DOQQs) 
from the National Digital Ortho Program (NDOP) (National Agriculture Imagery Program 
2020).  I used a time series of NAIP imagery and did most of the classification development 
on the 2018 imagery which most closely coincided with my early 2019 field data. 
Unfortunately, due to USDA limited resources during the 2018 flying season, the imagery for 





remained an interim product. This led to there being some “noise” and errors in some pixels, 
although most of the imagery displayed the correct pixel values.  Thus, a classification of the 
2018 data could still be viable but would require certain steps to ensure that the potential 
effects of error pixels on classifications were minimized. Data from earlier years, also used in 
this study, did not have this issue. 
Since the main goal of this study is focused on the ability of a remote sensing product 
to detect the distribution and intensity of a disease, canopies of BBD-infected trees needed to 
be identified, first on the NAIP imagery and then verified on the ground. My working 
hypothesis behind detecting BBD on the NAIP imagery is based on research suggesting that 
“yellow” canopies should be a visual symptom of BBD ( McCollough et al 2002) and thus 
should correspond with American beech trees on the ground that already have signs of 
Nectria infection. 
Nine areas spread over the UMBS and within cover types known to support American 
beech that would serve as sites within which to locate training and testing data were first 
identified through visual interpretation of the NAIP imagery (Figure 1).  These sites were all 
located in the Northern Hardwoods/Aspen-Northern Hardwoods cover type which is the 
predominant cover type where American beech is found at UMBS. These training and testing 
areas were first identified of the 2018 NAIP imagery and were placed where clusters of either 
a) dead trees and/or b) yellowed or visibly diseased trees (Figure 2) appeared to be located. 
Additionally, knowledge of cover types (Figure 1; Bergen and Dronova 2007) and 
ecosystems (Pearsall et al 1996) helped us to isolate areas of known American beech. These 





They would later be visited in the field to confirm disease level and acquire GPS locations of 
multiple individual beech canopies within the sites.  
Once these nine training and testing sites were outlined on the imagery (Figure 1), 
individual beech canopies within the sites were also identified from the imagery as either 
healthy, diseased, or dead. Again, using only image interpretation, all distinctly yellow 
canopies were digitized into polygons using GIS software (ArcMap 10.7.1 ). A total of 160 
yellow canopies were identified and digitized within the nine training and testing areas on the 
2018 imagery. Each “canopy” is a feature containing all pixels for that individual tree 
canopy. (This does not necessarily correspond to entire tree crowns, as in some cases it is 
likely that only part of the crown of an individual tree was ‘yellow’ at the interpreted date). 
 
Figure 2. A subset of NAIP 2018 over a beech-dominant region. Displayed using bands 1 
(blue), 2 (green), 3 (red) to show a natural color composite; yellow canopies were 






3.2 Field Data Collection and Processing 
The first type of field data collected were not for the remote sensing training and testing sites 
above, but were collected primarily for the purpose of fully characterizing the levels of BBD 
infection seen on the bark and leaves of trees on the ground that could later be related to 
canopy status seen in the imagery.  Data were collected in 40 small (25-m radius) sample 
plots spread over the broader UMBS cover types. These were called BBD infection level 
sample plots (hereafter BBD sample plots).  
First, locations of the BBD sample plots were selected over the UMBS upland study 
site.   These were selected primarily within cover types (Bergen & Dronova 2007) where 
beech co-occurred, and ecosystems (Pearsall et al 1995) that had been identified as suitable 
for beech trees, but I also include additional plots in other widespread cover types on the 
landscape (Figure 1). Some existing plots were used (Qoronfleh 2020; Bergen & Dronova 
2007) and re-measured in 2019, otherwise new plots were established in 2019. In total, 40 
well-distributed BBD sample plot locations were chosen in which to establish plots to 
characterize and record BBD infection levels at UMBS (Figure 1).  
The plot-based method used to characterize levels of infection in these sample plots 
was adapted from that of Weifrich et al (2011).  At each sample plot location, a plot center 
was established where at least three beech trees of 12.5 cm DBH (diameter at breast height, 
1.37 meters above the ground) or greater were found within a 25-m radius. If three beech 
trees could not be found at the plot location, the plot center was created near any single 
mature beech tree. If the plot location had no beech, the plot center was established at the 
location created ahead of time and only aspen data were recorded. For the first beech tree (if 





metrics were recorded. The infestation level classes (Table 1) were based on descriptions of 
BBD stages from Cale et al (2017).  For the selected trees, the types of metrics included 
height, multiple crown characteristics, and several additional BBD damage-related 
observations (Table 2). These classes generally follow the stages of BBD progression 
through a landscape which include the “advancing front”, the “killing front”, and “aftermath 
forest”. Dead standing and fallen beech trees with disease presence were also documented if 
they had a BBD infestation class level of 3 and 4, respectively. Similar data was also 
gathered for aspen trees in the plots. The first two aspen with visible canopy damage from 
senescence had all canopy metrics measured and a GPS point recorded. Every other aspen 
was noted with their DBH. This method was then be replicated at all 40 BBD sample plots 
(Figure 1). Photography was taken at the center of each plot showing structure of the canopy 
and of the understory.  
Table 1. BBD infection level classification used for characterizing disease progression and 












Level Scale Infestation Nectria Present? Description 
0 No No 
Healthy beech tree; no signs 
of scale infestation, Nectria, 
or cankers on bark 
1 Yes No 
Light to Medium scale 
infestation present; no 
Nectria or cankers present on 
bark 
2 Yes Yes 
Full scale infestation;  
Nectria present, visible 
cankers on bark 
3 n/a n/a Dead; no leaves in canopy, standing 





Table 2. Field data metrics and definitions for characterization of BBD influence on beech 
crowns and trunks. 
 
The second type of field data collected was training and testing data for classification. 
This data was collected for the 160 canopies that had been identified from the 2018 NAIP 
imagery within the nine remote sensing training and testing sites (hereafter training and 
testing sites; Figure 1).  These canopies were located and visited in July 2019. Using 
ArcCollector and a Trimble R1 GPS unit, I visited the exact location of each canopy 
identified (digitized) from the 2018 NAIP imagery.  A set of metrics were collected for each 
canopy including DBH, total height, crown height, crown width, crown dieback, crown 
Metric Units Description  
Diameter at Breast 
Height (DBH) 
cm Standing tree trunk diameter at 1.37 meters above 
the ground 
Total Height m Total height from base of trunk to top of tree  
Crown Height m Height from base of trunk to the bottom of lowest 
live branch 
Crown Width m Width of canopy calculated as angle from trunk 
to edge of crown 
Crown Dieback Percent Percent of crown consisting of dead branches 
Crown Density Percent Overall crown density measured by densiometer 
directly under crown 
Crown Exposure Scale 1-5 N of sides of canopy that receive direct sunlight 
(of four cardinal directions and top of crown) 
Damage Yes/No Noticeable visible damage on trunk of tree 
BBD Scale Percent Percent Percent of bark with scale infestation within a 
12.5cm x 20cm grid at 1.5 meters above 
ground 
Nectria present Yes/No Nectria visible on trunk of tree 





exposure, and the level of disease for each tree using the same classification scheme as used 
in the above BBD sample plot data. I required the GPS coordinates be within an accuracy of 
3 meters to help ensure that the tree canopy I was under was the same as the canopy 
identified from the NAIP imagery.  
Out of the 160 candidate canopies visually identified from the NAIP imagery as 
potential training and testing data for BBD-infected trees using the technique of visual 
inspection for the bright yellow canopy characteristic, 150 were confirmed diseased beech in 
the field. This resulted in 94% of all canopies being correctly identified through this visual 
method of selecting training and testing data from NAIP imagery only.  Of those that were 
not BBD-infected beech, two were verified as bigtooth aspen when visited in the field. These 
two could have been a result of spectral inconsistency of the imagery or an individual aspen 
crown that was unusually bright. Aside from these two aspen trees, eight other canopies 
identified for training and testing data on the imagery could not be conclusively identified as 
diseased beech in the field. These canopies were all in regions of densely clustered, small 
canopies with many different species including yellow birch (Betula alleghaniensis Britton), 
American beech, and red maple. These areas also had open canopy spaces due to recently 
fallen trees, possibly from beech bark disease. Since these could not be conclusively 
identified as any one species, they were not included in the final training and testing data.  
Once all training and testing canopies were verified in the field, the data was split into 
two different datasets. A set of 50 were used in the classification as training data to 
understand what characteristics to identify, and another 50 were used as testing data to verify 
the effectiveness of the classification. This data was split with every odd ID canopy 





were then selected for each. These were vector polygons over the verified diseased canopies. 
Even though I had enough to use 75 for each, 50 was chosen to keep a consistent amount of 
training sites to be used across all replicated years. The extra collected data was only used for 
accuracy assessment of the visual inspection. 
Finally, while collecting data from the 40 BBD sample plots and the nine remote 
sensing training and testing locations together, point locations for healthy and senescing 
aspen canopies were also collected in anticipation of needing to understand their spectral 
characteristics for differentiating them for beech trees during the image classification. It 
would be important to ensure that the spectral characteristics of an aspen tree going through 
the process of senescence is not mistaken as a diseased beech canopy on the imagery. By 
gathering GPS locations of aspen canopies in the field, their spectral characteristics could 
also be isolated and compared to verified beech canopies to determine if there is a 
distinguishable difference. These canopies were digitized the same way diseased beech were 
to create features that contained all pixels for each of these canopies. The results of this third 
set of field data was 40 geolocated canopies of aspen trees at various stages of senescence.  
 
3.3 Classification of 2018 Imagery 
There were four main components of the image analysis procedures: 1) a single-class 
classification (diseased American beech) of the 2018 NAIP imagery 2) assessment of the 
accuracy of the classification, 3) replication of this process on historical imagery over the 
same area for years 2012, 2014, and 2016, and 4) a quantification and comparison of spectral 
signatures of canopies from BBD infected beech trees, healthy beech trees, and aspen trees in 





classification algorithms that would be replicable for any future uses and using only open 
source, free software and imagery. Some outputs of the third were completed with licensed 
software but these could be completed using simple software such as R programming. 
First, a single-class classification was performed using the sample of training data 
collected in the field in order to identify all other BBD-diseased canopies over the entire 
UMBS study site.  One of the main goals of the study is to generate a free, open-source 
method to perform the classification of the diseased trees. This objective limited the software 
I had available to use since most image processing software requires an expensive license. 
This led us to explore the usefulness of the R programming language as a way to complete 
this classification. 
 The R programming language has a great potential for geospatial analysis and has 
many downloadable free libraries that contain tools for working directly with raster data sets. 
Since raster data sets, such as aerial imagery, are essentially a grid of quantitative values, the 
individual pixel values can be easily analyzed. Unfortunately, no pre-written library was 
available to perform the single-class classification I required. This led to us creating custom 
code to perform the task. The code functioned on the principle of taking all pixel values and 
placing them in a matrix of numbers. Then, using a pre-set moving window, searching 
through the imagery on a pixel-by-pixel basis looking for pixel values that matched the pixel 
values identified from the training data as falling into the desired class (e.g. BBD-infected). 
This procedure was run for each spectral band (red, green, blue, near-infrared) separately, 
and then the results of each were combined at the end to identify matches in all four bands.  
Because the imagery is very high spatial resolution (0.6 m), the image file for the 





footprint at once. I resolved this by dividing the whole image into 1000 m x 1000 m tiles, 
totaling 79 individual images. The classification was run on each tile of each band 
individually and then the results of all tiles were merged all back to a single raster.  
 The details of the single-class classification algorithm I constructed in R are as 
follows.  First, the classification code extracted all values for every pixel inside the vector 
features of the diseased beech training data canopies in a given band and calculated the mean 
value of each 50 canopies. These 50 values were placed into a single list.  Statistics for those 
values including the mean and two standard deviations (2-tailed) were then calculated. This 
range was then used as the target range of values to search for in the rest of the image pixels. 
The pixel searches were done using a 5 x 5 moving window (25 pixels) over the entire image 
tile. If the mean of the 25 pixel values in the moving window fell within the target range 
(within two standard deviations of the mean), these values were preserved and values that 
were outside of this range were set to zero. A 5 x 5 moving window size was used in order to 
be sure that the set of pixels was large enough to be an adult American beech canopy and to 
avoid isolated pixels that might be spurious but match the range. The pixel size of NAIP 
imagery is 60 cm, making five pixels a total length of 3 meters. The field data results 
suggested that all overstory American beech tree crowns should have a diameter greater than 
3 meters. After isolating the groups of pixels that matched the target value range, these 
identified BBD-diseased pixels were set to a value of 2, creating a binary file of 0s and 2s 
(potentially non-diseased and diseased, respectively).  
I then repeated this process for each of the other three spectral bands (and over all 
tiles). Once the process was repeated for all four bands, the resulting four rasters were 





clusters with a value of 8 showed areas and canopies that matched in all bands, meaning that 




Figure 3. Results of matching of the individual NAIP bands (top) and the total of all four 











3.4 Classification Refinement and Accuracy Assessment 
I found that the initial classification matched more than just tree canopies. Some pixels 
within open fields, grassy areas near roads and built areas were also classified as matching 
due to overlapping spectral characteristics. Since the only areas I was interested in were 
forested areas that contain American beech as a part of the composition, a mask feature was 
created to remove all marked pixels in areas where it would be very unlikely that American 
beech would exist. This was done using the existing Landsat-derived cover type map (30 m 
spatial resolution; Bergen and Dronova 2007; Figure 1) to mask out the Open/Built class, 
supplemented by additional roads and fields visible on and digitized from my 2018 higher 
spatial resolution (0.6 m) NAIP imagery. Because the study and field training and testing 
data focused on the UMBS uplands, the Lowlands/Wetlands class was also removed.  
Also, even with the added steps in the classification process, some isolated single 
pixels were still classified as diseased beech canopies. Some of these were due to the known 
noise error peculiar to the 2018 NAIP data.  However, in other cases, these represented newly 
diseased canopies that were only partially yellowing, leading to only a few pixels matching 
out of the entire canopy. The raster data coded as diseased beech canopies were converted to 
vector polygons and any polygon with an area of 0.36 square meters (the area of one 2016 
and 2018 NAIP pixel) or 1.0 square meter (the area of one 2012 and 2014 NAIP pixel) was 
removed to account for these isolated pixels. A single pixel was determined to be more likely 
a result of the error in the 2018 NAIP imagery than a partial diseased canopy and I did not 
want these included on the final count. Even if only some of the canopy was yellowing, the 





classified as diseased beech in order for it to count in the final count of diseased canopies at a 
given year.  
The conversion to polygons was not only to help remove single isolated pixels but 
also provide an exact count of identified canopies. The refinement left 3,922 remaining 
canopies of identified Beech Bark Disease across the study site landscape based on the 2018 
imagery. Using the 50 field-verified BBD canopies from the testing data, I calculated the 
error of the classification. By using known locations of infected canopies as testing locations, 
I could determine how accurately the classification was identifying them or potentially how 
many are being missed. I counted the number of testing canopies that contain matching 
values from the classification out of the 50. The percent missed is considered the error of 
omission. The results were also compared to the 40 identified aspen canopies used for the 
spectral signatures to confirm that aspen canopies were not being identified in the 
classification. If any aspens canopies matched from the classification, it can help us 
understand if overmatching is occurring. 
 
3.5 Development of Spectral Signatures 
In addition to basic classification accuracy assessment, I sought to use this data to further 
understand spectrally the separation of the different canopies (diseased beech, healthy beech, 
senescing aspen) that might possibly be confused in a remote sensing-based approach.  In 
order to make a direct comparison between diseased and healthy beech canopies, I needed a 
way to identify healthy canopies. This was hard to do through field collection alone since the 
disease is already widespread across the UMBS landscape and few completely healthy beech 





going back to previous years before the disease was so widespread, I could see what the 
current diseased canopies looked like in recent years before the infection.  
By comparing 2016 to 2018 NAIP imagery, canopies could be identified as diseased 
or healthy with relative certainty (Figure 4). Canopies showing the yellowing symptom in 
2016 could be seen as dead in 2018, thus identifying them as diseased in 2016. Similarly, 
other canopies that were showing the yellowing in 2018 could be seen as a healthy green in 
2016, thus identifying them as canopies that would become infected but were presently 
healthy. By seeing the infection symptom in the later image date, I could be relatively 
confident that the earlier date green canopy was a healthy American beech.  
Because of the above identification method and because the 2016 NAIP imagery did 
not have the ‘noise’ present in that from 2018, I used histogram-matched 2016 image data to 
complete this objective. The above process created two data sets for the 2016 imagery, a set 
of 50 diseased canopies and a set of 50 healthy canopies. By comparing the pixels of healthy 
and diseased canopies, the spectral reflectance of the two canopies types could be identified 
and quantified to show the difference. If the difference is significant enough to be measured, 
this could better justify the basis of the classification and help refine the classification 









Figure 4. Top: Locating diseased and healthy canopies in 2016 by comparing them to the 
same locations in 2018 imagery (a, b and legend). Bottom: Examples of possible error based 
on 2018 imagery (c-e, white outlines) including: partial canopy (c), inconsistent canopy (d), 
and small canopy (e).  
 
The beech canopies also needed to be compared to aspen canopies in the process of 
decline. Using the 40 aspen locations collected in the fieldwork, these same aspen canopies 
were located in the 2016 NAIP imagery for direct spectral comparison between the healthy 
and diseased beech canopies.  
The above steps created three sets of data: Diseased beech canopies, healthy beech 
canopies, and senescing aspen canopies. All of the pixel values within the canopies of these 
three datasets were extracted, and a table of values for all four bands was generated. These 





Raster package. Mean plots and box and whisker plots were created from this data to display 
the spectral differences. These images were then loaded into ERDAS IMAGINE (Hexagon 
Geospatial 2018). Using the signature editor tool, feature space plots were created, and these 
were overlaid with two-standard deviation ellipse plots for all pixel values within these three 
canopy types.  
 
3.6 Classification of 2012-2016 Historical Imagery  
The added benefit of the historical NAIP archive is the ability to go back even prior to 2016. 
Over the past ten years, the state of Michigan was flown every other year sometime in the 
mid- to late summer (July through September). With the historical catalog of NAIP, I had the 
opportunity to use this data to show how the BBD disease has progressed over a landscape 
over time. This can both confirm the classification and assist in gaining a fuller picture of 
damage from the disease and not just the instantaneous impact of an isolated year.  
 Therefore, I repeated all the above classification steps on three earlier NAIP image 
years (2012, 2014, 2016, 2018 ). Some additional steps were needed to prepare the historical 
data. The difference in the month flown should not be a factor since all were flown in the 
mid-late summer, when healthy leaves should be fully green and for BBD-infected trees the 
yellowing should be most apparent. However, I decided to do histogram-matching of the 
imagery between years to ensure that the pixel values in the time series of imagery would be 
as spectrally similar as possible over the four years. All four years (2012, 2014, 2016, 2018) 
were matched to the 2012 imagery using “histMatch” function, a part of the RStoolbox, in R.   
Additionally, training data could not be verified in the field for the historical years 





year could be confirmed by comparison with later dates. For example, for a candidate yellow 
canopy that was still yellow at a later date or had transitioned to show evidence of a dead 
tree, I could be relatively confident that the originally identified crown was in fact one with 
BBD.  
To do this, the same visual inspection process I performed on the 2018 imagery was 
performed on each of the other years. Yellow canopies were identified and digitized into 
polygons and then the years on either side were used to confirm if they were healthy the year 
before (became diseased in the last 2 years) or still yellow or brown (dying within the next 
two years). Sets of 50 canopies were identified in these other years to keep consistent training 
data amounts for all years. 
 
 
4. Results  
4.1 Results of BBD Infection Sample Plot Data 
The field data collection from the 40 BBD sample plots confirmed the characteristics of 
individual beech trees and provided a field-based quantitative description of the current state 
of the disease on the landscape (Table 3). Within sample plots in the Northern Hardwood / 
Aspen forest cover type, there was evidence of both heavy infection by beech scale and 
Nectria. All mature beech (>12.5cm DBH) in the plots were covered with beech scale, with a 
mean of 16.4% cover, the highest out of the three forest cover types. Of the 267 beech trees 
measured and recorded, 211 showed visible evidence of Nectria infections. Trees in the 
Northern Hardwoods / Aspen cover type were in locations on the landscape with a dense 





Table 3.  Summary of the BBD infection sample plots (N=40) by major forest cover types at 
the UMBS.  Given are N of beech trees measured, their means and standard deviations or 




N. Hardwood / Aspen Oak / Aspen Conifer / Aspen 
Metric 
N Mean, 
Mode   or 
Count* 
Stdev N Mean, 
Mode,  or 
Count* 
Stdev N Mean, 
Mode  or 
Count* 
Stdev 
DBH (cm) 267 23.02 10.40 18 15.91 4.94 16 25.64 7.70 
Total 
Height (m) 
51 22.19 7.36 4 17.28 7.23 2 32.00 2.12 
Crown 
Height (m) 
51 11.12 4.86 4 9.05 5.25 2 18.00 0.71 
Crown 
Width (m) 
















N: 199        
Y: 68 
NA 18 
N: 15        
Y: 3   
NA 16 
N: 13        








N: 56          
Y: 211 
NA 18 
N: 14         
Y: 4 
NA 16 
N: 1          
Y: 15   
NA 
BBD 




267 94.01% NA 18 100.00% NA 16 93.75% NA 
Fallen (%) 267 5.99% NA 18 0.00% NA 16 6.25% NA 







In the other two major forest cover types, there were very few mature beech trees 
present. In the three Oak/Aspen-Oak plots, only 18 beech trees were present. For those 18 
trees, the mean size was much smaller, 15.91 cm DBH, just slightly over the established 
overstory cut-off of 12.5 cm. They also showed a lower amount of disease, with only a mean 
of 9.44% scale coverage, and four showing signs of Nectria. Interestingly, the 16 trees 
measured in the five Upland Conifer/Aspen plots had much higher measurements. The mean 
size was higher than Northern Hardwood/Aspen cover type with 25.64 cm DBH and showed 
a high number with evidence of Nectria. All but one of the measured beech trees in the 
Upland Conifer/Aspen plots had Nectria infection, showing that the disease has made it was 
through the region of this cover type at UMBS. Although the sample size was limited, beech 
in this cover type also had a high mean of crown dieback and total height. 
 
4.2 Results of 2018 NAIP Classification 
When the 2018 NAIP data was used for the site-wide classification, the result was a raster of 
the UMBS landscape consisting of pixel clusters that matched the spectral characteristics of 
the diseased beech canopies. Any pixel that had a value of 8 means it matched in all 4 
spectral bands (2 for each band match). For example, the pixels that were identified as BBD 
are displayed as blue over a subset of NAIP imagery (Figure 5) within a beech-dominant 







Figure 5. A subset of the classification output over a beech-dominant region. The top inset 
shows the location of the subset on the UBMS landscape.  
 
 The result of the accuracy assessment for this classification showed that out of the 50 
testing canopies (for BBD diseased canopies), 41 were correctly identified through the 
classification. This resulted in an accuracy of 82% of testing canopies being identified, or a 
18 error of omission. Although the classification missed some diseased canopies, it also did 
not match any of the aspen canopies identified in the field data (i.e. no error of commission 
with senescing aspen canopies). There were three main reasons the other 9 were left 





yellow, 2) the full canopy of the tree was simply too small for the moving window to identify 
it, or 3) the yellow values were too high and outside of the statistical range the algorithm was 
looking for. In the first case, several of the canopies that were identified as yellow from a 
visual inspection were only between 8-12 pixels in total size. This led the 5 x 5 moving 
window to not cluster those values into the diseased range. The 25-pixel window had been 
chosen to ensure that the known noise of the 2018 imagery did not over- identify canopies. 
This also led to canopies that were only partially showing symptoms to be removed for the 
same reason. This was accepted as the better option than allowing an over matching error due 
to spectral noise of the imagery. However, this means that for NAIP imagery without noise 
error, users might consider a slightly smaller moving window and it is likely that the error of 
omission of BBD canopies would be significantly reduced. Thus, the resulting map and 
accuracy assessment should be seen as the most conservative results. The remaining 
unidentified canopies had more extreme values that the rest of the BBD-diseased canopies. 
The yellowing canopies had a range of spectral values, and there were some canopies that 
had such high values in the red and green spectral bands that they fell outside the established 
two-standard deviation statistical range. The only way to correct for this would be to increase 
the range to include all high values in those spectral bands but this may result in over-
matching with other land types. Some open and bare fields displaying high reflection also 
were classified as diseased. Since I am only concerned with forested regions, those matches 








4.3 Results of Spectral Signatures Evaluation 
The classification results suggest that a difference in spectral characteristics exists between 
healthy beech, diseased beech, and senescing aspen, allowing the classifier to locate most 
diseased beech canopies visible in the top of the forest canopy. These differences in spectral 
characteristics are further confirmed in means plots and box and whisker plots (Figure 6 and 
7).  These plots show the comparison of all pixels in each of the 50 canopies of beech from 
the training data and the 40 canopies of aspen, resulting in a comparison of over 3000 pixels 
each. Between the healthy and diseased beech canopies, diseased beech canopies reflected 
higher in all visual bands and slightly lower in the near-infrared. When comparing the means 
(Figure 7), this difference was not dramatic in the blue spectrum, only increasing by 17 in the 
mean DN value, but the largest difference was in the green and red spectrums. Green 
reflectance of diseased beech canopies increased by 44 and red reflectance increased by 61 
DN values. These dramatic increases in both of these visible spectrum bands is what 
underlies the yellow color of the diseased canopy on the NAIP true color imagery. Though 
there was some overlap in values (Figure 6), a large portion of the values were significantly 
higher in diseased canopies than healthy canopies.  
There was also a difference when diseased beech canopy reflectance values were 
compared to the values of aspen canopies. The reflectance values of aspen canopies in stages 
of senescence were lower than both healthy and diseased beech (Figure 7). The shape of the 
curve resembled the shape of healthy beech showing normal vegetation reflection, but at a 
lower value. Most importantly, these values were very different from the diseased beech 





were the aspen value was less than half that of BBD diseased canopies (178.55 as compared 
to 85.16).  
 
 
Figure 6. Box and whiskers plots of reflectance (expressed as image digital number, DN) 
values of diseased and healthy beech canopies in four spectral bands. Given are means (x’s), 








Figure 7. Means plot showing reflectance (expressed as image digital number, DN) of 
healthy and diseased beech canopies, and senescing aspen canopies. 
 
The above differences are also shown in the image feature space and ellipse plots 
(Figure 8). Because almost all of the UMBS image is forest, most reflectance values fall in 
the same region of the feature space plot. All canopies from each of the three canopy types 
were plotted to show their values in relation to the rest of the features. Both senescing aspen 
and healthy beech canopies had values directly in the highly dense reflection regions of the 
feature space plots representing the forest canopies. Diseased beech values, however, were 
outside this range for both red and green reflection. This shows that not only are the spectral 
characteristics of BBD canopies significantly different than healthy beech and even 
senescing aspen, but they are also unique to most other features within the entire image since 
most of their pixel values fall outside of the region of most frequently occurring (densest) 
image DN values. There are a low number of pixels that share the same spectral 
characteristics as a diseased beech canopy. Ellipse plots showed the least overlap when the 






















Figure 8. Feature space plots of the NAIP 2016 imagery overlaid by two-standard deviation 
ellipse plots for healthy beech, BBD diseased beech, and senescing aspen. Shown are NIR 






4.4 Results of the Historical NAIP Imagery Classification 
The final output of the classification process was a time series of historical classifications 
resulting in the location of every identified diseased canopy for four different years (inclusive 
of 2018; Figure 9). As shown in Figure 9, BBD areas are point locations that have been 
mapped as densities to visualize their distribution and intensity on the landscape. These 
locations were also compared to which cover types these locations corresponded (Table 4). In 
2012, 2158 diseased canopies were identified, with 1852 (85.82%) of them in Northern 
Hardwood/Aspen cover types. By 2016, more diseased canopies were classified (4288). 
Also, a lower percentage of these canopies were found in Northern Hardwood/Aspen cover 
types (74.09%) as compared to 2012. There was also a much higher percentage of identified 
diseased beech canopies in Conifer/Aspen and Oak/Aspen cover types. The percentage of 
diseased beech canopies in Northern Hardwood/Aspen cover type increased back to 83.84% 
of total canopies classified in 2018. 
The results show a clear pattern of BBD infecting Northern Hardwoods/Aspen cover 
types first, then progressing into other cover types such as Upland Conifer/Aspen and 
Oak/Aspen. This is seen through 2012 – 2018, which the exception of 2014. Even though the 
number of diseased canopies increased from 2012 to 2016, the number of classified canopies 
in 2014 was lower than that of 2012. The ratio of classification per cover type stayed close 
between 2012 and 2014. This is the only year that stands out as different from the overall 







Figure 9. A comparison of the distributions of BBD-diseased canopies at the UMBS study 
site over an eight-year timeframe. Density is based on center point locations of diseased 















Table 4. Mapped BBD-diseased “yellow” canopies by cover type (see Figure 1) for each 
year of the classification (2012, 2014, 2016, and 2018). N is number of mapped canopies and 
percent is proportion of all mapped canopies within a given cover type. Because some 
canopies were yellow over more than one mapped year, the last row gives the total N of 
unique yellow canopies 2012-2018. 
 
Cover Type N. Hardwood Conifer Oak Total 
Year N Percent N Percent N Percent N 
2012 1852 85.82% 173 8.02% 133 6.16% 2158 
2014 788 85.10% 91 9.83% 47 5.08% 926 
2016 3177 74.09% 613 14.30% 498 11.61% 4288 
2018 3351 83.84% 447 11.18% 199 4.98% 3997 
  
2012-2018 
Unique 7663 78.91% 1242 12.79% 806 8.30% 9711 
 
 In 2012, the disease was mostly isolated to the significantly beech-dominant areas on 
the main UMBS property, large portions of Colonial Point, and the northeast extent of the 
UMBS property (Figure 1; Figure 9). These are all areas where larger, mature beech trees 
have been a significant part of the overstory. By 2016, the disease had moved into not just 
the beech-dominant cover types, but the more central regions of the main UMBS property 
where beech trees are less frequent and normally smaller in size. This can be seen in the 
increased percentage of canopies in Oak/Aspen and Upland Conifer/Aspen cover types 
(Table 4) in 2016 as compared to 2012. The disease reached its way into the deepest part of 
the property by 2018, including the whole border of Douglas Lake and the area around the 
UMBS campus. The percentage in the Northern Hardwoods/Aspen cover type increased back 








5.1 Physical and Spectral Basis of Yellowed Beech Canopies 
This study shows that there is a unique spectral signature of canopies infected with Beech 
Bark Disease (BBD) over the study area in northern lower Michigan. The yellowing of the 
canopies is distinct against healthy beech and other species as well as mature aspen canopies 
also undergoing senescence. The BBD symptoms significantly increase the spectral 
reflection of both the red and green parts of the electromagnetic spectrum, giving the 
canopies this color.  
 This symptom of yellow canopies in BBD-infected trees was previously known, 
however there was a lack of evidence that this symptom could reliably be seen and assessed 
from aerial imagery. All original observations of this yellowing from McCullough et al 
(2002) were from visual accounts viewing the canopy from the field. While this is a way to 
observe the symptom, using aerial imagery can be a far more efficient way to use this 
symptom as a way to quickly and efficiently identify diseased canopies. Although aerial 
imagery will not typically identify possible understory trees (unless there is a ‘gap’ in the 
overstory), identifying overstory beech canopies can be a good indicator of disease presence 
and spread.  
The BBD symptom increases spectral reflectance in all three visual spectral bands 
(red, green, and blue) but the most significant increases are in the red and green bands. An 
improvement on this classification could look to identify all high values of green and red, not 
just with two standard deviations, to make sure no high reflection canopies were missed. 
Though this classification omitted some canopies, this could be seen as the most conservative 





The difference could be seen in both a visual assessment and by the pixel values recorded by 
the NAIP sensor. This provides a basis for quickly evaluating where the disease is located 
and the speed at which a land manager can understand the extent of the disease in their 
region.  
 The characteristics of diseased beech were also noticeably different compared to the 
color and spectral characteristics of aspen trees during the process of senescence. While 
aspen trees will begin to lower their canopy density during this process, they do not display 
their decline as a yellowing canopy nearly to the degree that an infected beech tree does. 
Only two canopies that were identified from visual inspection were identified as aspen in the 
field. This could have been the result of a minor yellowing due to an otherwise unhealthy 
aspen canopy or spectral error in the imagery itself. The NAIP imagery from 2018 did have 
some noise in and the dataset and this noise could have resulted in reflectance values being 
slightly abnormal including some representing aspen pixels. Because of the land-use history 
of the upper Great Lakes states, what are now over-mature early successional aspen are 
widespread, including in forest communities where beech has historically been an important 
component (Bergen and Dronova 2007; Friedman and Reich (2005).  Implementations of this 
method or similar ones will benefit from understanding the different spectral profiles of BBD 
versus aspen senescence. 
Interestingly, there was a low BBD occurrence in 2014, even though 2012 and 2016 
had high occurrences. This may be due to some other factors that can affect the spread of the 
disease. Houston (1998) observed that local changing climate often effected the level of BBD 
that built up in a population. It has been noted that “exceptionally cold winter temperatures 





inability to establish new populations (Houston, 1998). This means that environmental 
factors can influence the rate of disease spread. Meteorological data (Iowa Environmental 
Mesonet 2020) showed that these weather anomalies existed in Fall of 2013 and Winter of 
2014.  There was an increase of 5.91 inches of precipitation in October 2013 and 2.19 inches 
in November 2013 from the historical baseline. Likewise, the average mean temperatures for 
January-March 2014 were notably lower than the long-term baselines: by 6.16℉, 9.81℉, and 
10.58℉ colder, for each of the three months. The increased precipitation in autumn of 2013 
and the decreased temperatures in the winter of 2014 both could have played a factor in the 
establishment of the disease in the summer of 2014, leading to lower recorded values through 
the classification. 
 
5.2 Method Extensibility and Application for Forest Management 
The value of understanding these spectral differences lies in how this information may be 
used. NAIP, and other satellite and aerial imagery, gives us an opportunity to apply the 
knowledge of canopy differences in order to identify BBD rapidly across a landscape. There 
is now an abundance of high-resolution aerial imagery and remote sensing techniques that 
would allow us to use this imagery in a meaningful way.  
 The method developed in this study can be run on a landscape of any size but may 
require a separate shapefile. NAIP imagery can be very large files, due to its high spatial 
resolution, so it may be hard to process the entire image at once. The NAIP imagery for this 
entire study area was too large to process together so this study utilized a shapefile of 1 km2 
squares to clip the single image into a directory of smaller images. This kept the size of each 





been classified. This is not required for the code to run but if the landscape creates an image 
file over 1GB, the amount of memory needed to run the classification may be too large for 
many computers. However, this also means that the region can be as large as needed if a 
shapefile of tiles is used as an input. 
 This study used a shapefile of field verified diseased canopies as an input, but the 
training values developed here could be used as an alternative to avoid this field work in the 
future. The spectral values used in this classification (Appendix E) are representative of the 
yellowing characteristic of BBD in NAIP imagery so two versions of the classification are 
provided: one that requires a custom shapefile of training canopies and one that uses the 
spectral values created in the study. This will give land managers the ability to either create 
training data through visual inspection and field verification or use the verified BBD spectral 
values from this study to classify the rest of the canopies in the landscape. This study showed 
a high accuracy from visual inspection (94%) so a shapefile can be created for a specific by 
digitizing yellow canopies if custom training data is preferred but a faster classification can 
be run using the values from this study. 
 Although the classification did not identify every single canopy (82% of the training 
data canopies were identified), it did identify many canopies each part of the UMBS 
landscape where the disease is known to be. This can show the spread and severity of the 
disease even if every single canopy is not classified. It also shows the progression of the 
disease through the landscape. The disease in 2012 was mostly concentrated to the areas of 
densest beech forests. By 2016, the disease had spread into less beech-dense regions in the 
center of the property. Then by 2018, it had progressed completely into all regions that 





Douglas Lake. By 2018 there is not a region of known beech at the station that is free of this 
disease. It has progressed rapidly through the station within the last eight years and will 
continue to cause a large portion of mature beech trees to die over the next few years. There 
were also matches in lowlands/wetlands cover types that were removed from the mask, 
showing that there is either possible beech individuals in these regions as well, or a wetland 
cover type canopy comprised of other species with some similar spectral characteristics. 
 This classification was also improved from the input of ancillary data from Pearsall 
(1995) and Bergen & Dronova (2007) which delineated ecosystems or cover types where 
beech is known to exist. This information was used to stratify the landscape and narrow the 
search for both training data and to remove potential over-matching that was outside of beech 
regions. However, these ancillary data are specific to the UMBS property. The mask used 
could also be created using an existing land-cover classification such as the NLCD (National 
Land-Cover Dataset) if other area-specific cover type data did not exist.  Since this study was 
designed to create an open-source, free process for any area, there needs to be a different way 
to quickly identify beech-dominant regions. Although not used in this study directly, the 
basal area maps created by Wilson et al (2012) could be used in place of this ancillary data. 
This data has a slightly coarser spatial resolution (100 m cell size) but this should still be 
applicable to mostly natural forested landscapes with their fairly large patch sizes. 
 The classified maps of BBD created from this study were compared to the beech 
basal area (BBA) maps generated from Wilson et al (2012) and clipped to just the extent of 
the study area. All of the areas that had a BBA value (greater than 0 m2/ha) were classified 
into three categories based on beech basal area: High BBA (greater than 1.38m2/ha), 





was a total of 2545ha of areas with BBA values: 764 ha of High beech, 964ha Moderate 
BBA, and 817 ha Low BBA. When comparing where the largest clusters of the identified 
BBD canopies were in relation to BBA, most of the identified canopies are in areas of some 
level of BBA. Out of the total 3997 identified canopies in this study, 2545 (63.67%) canopies 
were inside the any region with a BBA value (greater than 0), 3299 (82.54%) where found 
within a 100 m buffer of these areas, and almost all (3724, 93.17%) were found within 200 m 
buffer of these areas (Table 5). When you look at the breakdown further (Table 6), 764 
(19.11%) of the total canopies were in high BBA regions even though high BBA regions 
only accounted for 9.17% of the total study area. Moderate BBA regions accounted for 
28.44% of the study area but only contained 24.14% of the classified canopies. Low BBA 
regions accounted for 22.45% of the study area but only 20.44% of the classified canopies. 
This shows that even though the high BBA regions were the smallest BBA region by size, 
they accounted for a higher density of the identified canopies. By using the calculated BBA 
maps, classifications could be narrowed down to better avoid over-matching in areas where 
no beech exists. The BBA maps are available for the eastern U.S and thus can provide a 













Table 5. Number and percent of BBD canopies identified through the present study and 
classification that are within areas mapped as beech basal area (BBA) regions by Wilson et al 
(2012) based on FIA data and MODIS imagery.  
 
  
N of Mapped Beech 
Canopies 
Percent of Mapped 
Beech Canopies 
Within BBA 2545 63.67% 
100 m 
Buffer 3299 82.54% 
200 m 




Table 6. Number and percent of BBD canopies identified through the present study and 
classification that are within areas mapped at various levels of beech basal area (BBA) 








N of Mapped Beech 
Canopies 
Percent of Mapped 
Beech Canopies 
Percent of Study 
Area 
High BBA 
(>1.38 m2/ha) 764 19.11% 9.17% 
Moderate BBA 
(>0.23 and <1.38 
m2/ha) 964 24.12% 28.44% 
Low BBA 





5.3 Long-Term Management Implications of BBD 
Some research has been conducted on the aftermath forests of New England to help 
understand the lasting impact of this disease and the structure of the aftermath forests it 
creates. Large diameter beech trees will be lost, and the new gaps will be filled with dense 
thickets of beech seedlings that will form from sprouting of the infected overstory tree 
(McCaskill and Morin, 2012). Thus while these gaps could otherwise be open space for 
species such as sugar maple to fill, these other species may be crowded out or and may even 
be suppressed “by possible toxic effects of higher levels of beech leaf leachate excreted from 
these dense thickets” (McCaskill and Morin, 2012). This was seen at many of the plots at 
UMBS. At the base of many of the infected overstory beech trees was dense thickets of 
beech seedlings. These seedling will also be susceptible to the disease and most likely die 
from the disease before reaching a mature age. This creates a dynamic where even though the 
structure of the forests changes due to the loss of large beech trees, the total number of beech 
and total basal area may still have a significant role in the region. One major observable 
effect that demonstrates the future of the forests is that in stands where BBD has been present 
for over 60 years, the sprouts from trees initially infected in the killing front are now infected 
and are now susceptible to death at a much earlier age then their parent (McCaskill and 
Morin, 2012). This means that the new beech sprouts in these forests will die before reaching 
the size of its parent and produce a fewer number of sprouts.  
If regions of BBD can be identified early, possible management and control efforts 
can be implemented, both in stands that have yet to be infected and in aftermath forests. If 
BBD is about to be or has recently infected a stand, reducing the proportion of beech, 





the regeneration of beech seedling under infested canopies is important to slow or prevent the 
spread of the disease (Houston, 1998). When BBD has already created an aftermath forest, 
removal of heavy BBD dead or diseased trees and herbicide treatments on susceptible 
understory beech is important while keeping any overstory beech that remain with little to no 
scale (Houston, 1998). Also, if you can identify the possible resistant trees early, focus can 
be put on saving those to reducing the impact of the disease. Though the future of beech after 
infection is not completely known, the disease will have sustained effects on the future of 
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Photo of Plot 36. Dense beech seedling and sapling thickets that have grown underneath a 
















Photo of Training site 7, beech ID 9. A diseased beech overstory tree showing both thinning 
and yellowing of the canopy. A dead standing beech tree is also directly to the right of the 
diseased tree. 
 
 
